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Over the past a few decades, nanostructured semiconductor materials 
have attracted significant attentions for their applications in energy and 
environmental research, with particular emphasis on photocatalysis. Great 
efforts have been devoted to the design and development of photocatalysts 
with rational structures. In this thesis, we have devoted our efforts to develop 
a series of nanostructured photocatalysts for dye degradation.  
In Chapter 3, hierarchical niobic acid (Nb2O5·nH2O) microflowers are 
synthesized by a surfactant-free hydrothermal approach. The three-
dimensional microflowers are assembled from two-dimensional ultrathin 
nanosheets with thickness of ~5 nm. Using rhodamine B as a probe, the 
Nb2O5·nH2O microflowers exhibit high photocatalytic activity under UV 
light irradiation. Furthermore, the Nb2O5·nH2O microflowers are easily 
converted to niobium pentoxide without significant structural alteration.  
In Chapter 4, amorphous TiO2 layers with a controllable thickness from 
3.5 to 40 nm were coated on the one-dimensional CdS nanorods surface under 
mild conditions. Compared to the bare CdS nanorods, the as-prepared 
CdS@TiO2 nanorods exhibit enhanced photocatalytic activities for phenol 
photodecomposition under visible light irradiation. The improved 
photoactivity is ascribed to the efficient separation of photogenerated electron 
and hole charge carriers between CdS cores and TiO2 shells.  
In Chapter 5, anatase TiO2 nanobelts with exposed clean {100} facets 
were prepared via a hydrothermal method. The percentage of {100} facets 
were as high as up to 75%. The photoactivity of anatase TiO2 {100} and {001} 
X 
 
facets were evaluated and compared by methyl blue and rhodamine B 
photodegradation. The {100} facets show both higher photocatalytic activity 
and adsorption ability than {001} facets, which may be ascribed to the 
superior electronic band structure and higher surface active sites density of 
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Chapter 1 Introduction 
Semiconductor photocatalysts have been widely studied to address the 
energy and environment crisis over the recent decades. Since the surface 
morphologies of semiconductors play an important role in their photocatalytic 
activity, intensive efforts have been devoted to the design and development 
of nanostructured semiconductor materials. This chapter will provide an 
overview of semiconductor photocatalysts with the working principles and 
challenges, and their application in photocatalytic organic degradation. 
Furthermore, nanostructured semiconductor photocatalysts will be discussed 
with their commonly used synthesis methods.  
 
1.1 Introduction of Semiconductor Photocatalysts   
Since 1972, Fujishima and Honda reported the photoelectrolysis of water 
on a TiO2 electrode, considerable efforts have been devoted to the 
development of photocatalysts based on various semiconductors.1 Generally, 
the semiconductor materials as photocatalysts have several advantages such 
as inexpensive, low to none toxicity, and tunable catalytic properties. Their 
photocatalytic applications are mainly focused on energy and environment, 
including hydrogen production from water splitting, CO2 reduction, pollutant 
degradation and so on.2-5  
 
1.1.1 Principle of Semiconductor Photocatalysis  
The principle of semiconductor photocatalysis can be explained 
according to the band theory of the solid, as shown in Figure 1-1.6 In a 
semiconductor, there is a void energy region as the band gap (Eg), which 
 2 
extends from the top of the filled valence band (VB) to the bottom of the 
vacant conduction band (CB).6 When the semiconductor is illuminated with 
light of equal to or greater energy than that of the band gap, an electron will 
be promoted from the occupied VB to the empty CB, thereby leaving behind 
a positive charged hole in the VB.6  
 
 
Figure 1-1. Schematic illustration of the principle of semiconductor 
photocatalysis.  
 
The electrons and holes could separate and migrate to the semiconductor 
surface, where they participate in redox reactions with absorbed species. The 
photogenerated electron, which acts as a reductant, can be transferred to an 
electron acceptor molecule (A) whose redox potential lies below the CB of 
the semiconductor.7 Similarly, the photogenerated hole, which works as an 
oxidant, can react with an electron donor molecule (D) whose redox potential 




1.1.2 Photocatalytic Degradation of Organic Pollutants 
Semiconductor photocatalysts applied in the area of wastewater 
treatment have gained significant attentions, especially for refractory organic 
pollutants.8 In the water system, many kinds of organic pollutants have been 
discharged from various sources such as industrial effluents, agricultural 
runoff, and chemical spills.9 These organic pollutants are demonstrated to be 
harmful both to human beings and environment. Thus, a wide variety of 
processes have been proposed and developed in order to remove the organic 
contaminants in wastewater.  
Among these strategies, photocatalytic degradation holds unique 
advantages compared with other traditional treatment methods such as 
physical adsorption and thermal oxidation.8 Firstly, the photocatalytic process 
is non-selective that a great number of hazardous organic compounds in 
different influents can be destroyed by direct and/or indirect ways.8 Secondly, 
the organic pollutants can be completely mineralized into less toxic 
compounds, such as water, carbon dioxide, and inorganic salts.8, 10, 11 Thirdly, 
this whole process is under mild temperature condition.8 Fourthly, the input 
energy of photodegradation could be the broadly available and renewable 
solar energy.11 And lastly, the photocatalytic degradation could be considered 
as inexpensive and cost effective in principle.11  
The photocatalytic process of organic pollutant degradation generally 
involves following steps.12 Under light irradiation, the semiconductor 
generates photoexcited electrons and holes (Equation 1). On one hand, the 
electrons could reduce surface-absorbed O2 over semiconductor active sites 
to form superoxide radical anion (•O2
−) (Equation 2), which subsequently 
 4 
combines with a hydrogen ion (H+) to produce an hydrogen superoxide 
radical (HO2
•) (Equation 3).11 The HO2
• continues to undergo dismutation 
rapidly to form hydrogen peroxide (H2O2) (Equation 4), which further 
produces highly reactive hydroxyl radical (•OH) (Equation 5-6).11 On the 
other hand, the holes remained in the VB could react with surface-absorbed 
H2O and/or OH




The hydroxyl radical is a strong oxidizing regent which can decompose 
nearly all the organic pollutants due to its high redox potential of the H2O/
•OH 
(−2.8 V vs. NHE).11 Finally, only CO2, H2O, and other possible mineral 
products can be formed.  
 
1.2 Challenges of Semiconductor Photocatalysts  
Based on the fundamental principles of semiconductor photocatalysis, 
there are two main challenges to achieve for their practical applications, 

































1.2.1 Solar Energy Utilization  
Sunlight (air-mass 1.5G) consists of three main components in terms of 
wavelength: ultraviolet rays (λ < 400 nm), visible light (400 nm < λ < 800 
nm), and infrared rays (λ > 800 nm), which account for 4%, 53%, and 43% 
of the solar energy, respectively.13 However, most metal oxide 
semiconductors are wide bandgap semiconductor that they can only be 
excited by UV or near-UV radiation. For example, TiO2 is a widely 
studied semiconductor due to its high photocatalytic activity, chemical 
stability, nontoxicity, low cost, and easy availability.14 However, its 
application is limited in UV light region owing to its large bandgap 
energy (3.2 eV for anatase TiO2). Thus, taking the solar energy 
conversion efficiency into account, great efforts have been devoted to 
develop visible-light responsive photocatalysts.12  
On one hand, a lot of studies have been conducted to extend the 
working spectrum of wide bandgap semiconductors, such as (1) doping 
with cation or anion, such as Ru-doped SrTiO3
15, N-doped TiO2
16; (2) 
combining with narrow bandgap semiconductors (e.g. CdS17, 18, WO3
19, 20), 
plasmonic metals (e.g. Au21-23, Ag24, 25), or dyes26 to enhance solar light 
sensitivity; (3) surface engineering like black TiO2
27-30. On the other hand, 
several (oxy)nitride and (oxy)sulphides have also been developed as the 
alternative photocatalyst, such as GaN:ZnO solid solution31, Ta3N5
32, 
LaTiO2N




1.2.2 Charge Carrier Separation  
After photoexcitation, the photogenerated electrons can quickly 
recombine with holes in the volume or on the surface of the semiconductor 
particles, with energy release of unproductive heat or photons. This 
recombination is detrimental to the efficiency of a semiconductor 
photocatalyst. To improve the photocatalytic performance, the recombination 
should be restrained resulting from efficiently separation of photogenerated 




Figure 1-2. Schematic illustration of the energy band diagram for type I, type 
II, and type III (b) semiconductor heterojunctions. Adapted from ref. 37 with 
permission from Royal Society of Chemistry, Copyright 2015.   
 
Among the strategies to achieve fast charge carriers separation, the 
formation of heterojunction composite is one of the most effective 
approaches. Generally, heterojunction is formed by bringing two different 
semiconductors into physical contact, which can be typically classified as 
straddling gap (type I), staggered gap (type II), and broken gap (type III) 
depending on their alignment of energy bands.37 A schematic representation 
 7 
of these junctions are shown in Figure 1-2. By far the most suitable 
heterojunction for photocatalytic applications is the type II heterojunction 
which is usually formed between two semiconductors with staggered bandgap 
offset. In this type, photoexcited electrons can transfer from semiconductor A 
to B due to the lower CB position of B, and holes can travel in the opposite 
direction from the lower VB of semiconductor B to A. As a result, the 
separation of photogenerated carriers is achieved by located electrons and 
holes in different semiconductor materials. Therefore, the probability of 
electron–hole recombination can be reduced.  
 
1.3 Nanostructured Semiconductor Photocatalysts  
When the size of semiconductor materials is reduced to nanoscale, their 
physical and chemical properties could change drastically.38, 39 In the past 
several decades, nanostructured semiconductor materials have received 
significant attentions due to their advantages over bulk materials.  
(1) As the size of the material decreases, its specific surface area and 
surface-to-volume ratio increase greatly.39 The larger surface areas of 
nanomaterials can provide more reactive sites for taking reactions with 
absorbed species. (2) The movement of electrons and holes in semiconductors 
are primarily governed by the size and geometry of the materials. Thus, the 
small size of nanomaterials are beneficial for the photogenerated charge 
carriers to migrate a shorter distance to reach the surface and take reactions.   
Since the morphological or structural characteristics of nanostructured 
semiconductors play important roles in their photocatalytic properties, vast 
 8 
amount of studies have been conducted to synthesize morphology controlled 
semiconductor nanomaterials.39, 40 The next section will review several kinds 
of semiconductor nanostructures and their typical synthesis methods.  
 
1.3.1 One-dimensional Nanostructure  
One-dimensional (1D) semiconductors including nanowire, nanorod, 
nanobelt, and nanotube, which possess a lateral dimensions between 1 and 
100 nm.41 The 1D nanostructures have attracted considerable attentions 
owing to their specific physiochemical properties and improved 
photocatalytic activities. The advantages of 1D semiconductor nanomaterials 
as photocatalysts include (1) 1D geometry is beneficial for fast electrons 
transport; it restricts flow electrons radial direction and guides the movement 
of electrons through axial direction;40 (2) 1D nanostructures feature higher 
specific surface areas to provide more active sites; and (3) the light absorption 
and scattering properties of 1D nanomaterials can be remarkably enhanced 
due to their high length-to-diameter ratios.42 With these advantages, it has 
been raised great interest to investigate 1D structured nanomaterials for 




Figure 1-3. SEM images of 1D (a) CdS nanowire, adopted from ref. 43 with 
permission from American Chemical Society, Copyright 2007. (b) TiO2 
 9 
nanowire, adopted from ref. 44 with permission from John Wiley and Sons, 
Copyright 2012.  
 
For example, as shown in Figure 1-3(a), Jang and co-workers synthesized 
1D CdS nanowires by a solvothermal method with ethylenediamine as a 
single solvent.43 The CdS nanowires with high crystallinity and high aspect 
ratio showed high rate of photocatalytic hydrogen production from water 
splitting under visible light irradiation.43 Wu and co-workers developed a one-
pot solvothermal route to prepare 1D anatase TiO2 nanowires as displayed in 
Figure 1-3(b).44 After removing the adsorbed organic species by annealing, 
the curved TiO2 nanowires exhibited excellent photocatalytic activity for the 
degradation of RhB under UV light irradiation.44 
 
1.3.2 Two-dimensional Nanostructure  
Since the discovery of graphene, two-dimensional (2D) semiconductor 
nanosheets have emerged as promising structures for photocatalytic 
applications due to their specific geometry superiority. Their advantages 
include (1) nanosheet structures with a few atomic-layer thickness and 
extremely high surface area can provide a lot of reactive sites on the surface;40 
(2) the 2D surface also exhibits intriguing charge bearing properties owing to 
the large-area non-stoichiometry;40 and (3) it is facile to introduce other 




Figure 1-4. (a) TEM image 2D TiO2 nanosheets, adopted from ref. 45 with 
permission from American Chemical Society, Copyright 2009. (b) SEM and 
(c) TEM images of TiO2 nanobelts coating with 2D MoS2 nanosheets, 
adopted from ref. 46 with permission from John Wiley and Sons, Copyright 
2012.  
 
For example, as shown in Figure 1-4(a), Han and co-workers synthesized 
2D rectangular TiO2 nanosheets with highly reactive (001) facets through a 
hydrothermal route with the assistance of hydrofluoric acid solution.45 Such 
TiO2 nanosheets showed excellent photocatalytic efficiency for the 
photodegradation of methyl orange due to the exposure of the high percentage 
of (001) facets.45 Zhou and co-workers fabricated TiO2 nanobelt coating with 
2D MoS2 nanosheet heterostructures via a hydrothermal reaction, as 
presented in Figure 1-4(b-c).46 The as-prepared TiO2@MoS2 heterostructures 
exhibited a high photocatalytic hydrogen production rate even without Pt co-
catalyst.46 In addition, the heterostructures possessed a strong adsorption 
ability and showed high performance in the photocatalytic degradation of 
RhB.46 
 
1.3.3 Three-dimensional Hierarchical Nanostructure 
Three-dimensional (3D) hierarchical nano/microstructures assembled 
from low dimensional nanoscale building blocks have attracted increasing 
interests due to the combination of the advantages of primary building blocks 
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and the secondary unique 3D architectures.47-49 Generally, the advantages of 
3D hierarchical semiconductor nanomaterials as photocatalysts are found in 
the following. (1) The specific 3D hierarchical structure would effectively 
prevents aggregation between low dimensional nanoscale building blocks, 
such as nanowires and nanosheets.49-51 As a result, the 3D structures could 
maintain a large active surface area to facilitate the adsorption of reactants. 
(2) The 3D architectures could offer more opportunities for the diffusion and 
mass transportation of reactants and active radicals in the photodegradation 
procedure.49, 50 (3) The 3D structures usually show improved light harvesting 
ability due to an increased optical path by multi-scattering,50 and thus 
enhances the number of photogenerated charge carriers to participate in the 
photocatalytic reactions.  
 
 
Figure 1-5. SEM and TEM images of 3D hierarchical structured (a) TiO2, 
adopted from ref. 50 with permission from Royal Society of Chemistry, 
Copyright 2011. (b) ZnO, adopted from ref. 49 with permission from Royal 
Society of Chemistry, Copyright 2011. (c) CdS-titanate, adopted from ref. 51 
with permission from John Wiley and Sons, Copyright 2012.   
 
To date, many semiconductor with 3D hierarchical structures, such as 
TiO2,
50, 52 SnO2,
48 ZnO,49, 53 MnO2,
54, 55 NiO,56 and Fe2O3
57 have been 
synthesized. Several 3D nanostructured semiconductor photocatalysts have 
shown promising performances in various photocatalytic applications. For 
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example, as shown in Figure 1-5(a), Tian and co-workers prepared 3D 
hierarchical TiO2 nanostructures via a solvothermal method combining a 
calcination process.50 The as-obtained 3D TiO2 exhibited higher 
photocatalytic activity than that of commercial Degussa P25 TiO2 and the 
other obtained TiO2 samples with different morphologies (rod and sphere) for 
the degradation of phenol under UV light irradiation.50 Lu and co-workers 
synthesized 3D hierarchical ZnO built by dense nanosheets through a 
hydrothermal route as presented in Figure 1-5(b).49 The 3D ZnO displayed 
improved photocatalytic performance in the photodegradation of methyl 
orange than that of other mono-morphological ZnO, such as nanoparticles, 
nanorods, and nanosheets.49 Recently, Zhang and co-workers fabricated 3D 
hierarchical CdS-titanate composites as shown in Figure 1-5(c), by a 
hydrothermal reaction following an ion-exchange process and a gas reaction 
process.51 The as-produced 3D CdS-titanate composites exhibited effective 
photocatalytic activity for visible-light-driven H2 evolution as well as 
excellent stability.51  
 
1.4 Synthesis Method of Nanostructured Semiconductors   
There is growing interest in the synthesis of nanostructured 
semiconductor materials. The preparation of semiconductor nanomaterials 
can be achieved through different physical or chemical approaches, including 
gaseous, liquid and solid media.58 In general, there are two approaches to 
nanomaterial production that are commonly referred to as ‘top-down’ and 
‘bottom-up’. The top-down methods generally tend to the synthesis of 
nanostructures by decreasing the size of the bulk material, while bottom-up 
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methods attempt to control the clustering of atoms/molecules at the nanoscale 
range.58  
The bottom-up approaches are predominantly wet chemical processes, 
which are the most popular synthesis method for nanomaterials.39 Several 
major advantages of the wet chemical methods over the other fabrication 
processes are presented in the following.39 (1) The wet chemical methods are 
much more cost effective than some physical top-down approaches.39 (2) It 
could be highly reliable to control the shape and size of the nanomaterials by 
tuning experimental conditions.39, 58 (3) The wet chemical synthesis routes 
can also offer the possibility for large scale production with high 
reproducibility.39 
In the following sub-chapters, two of the most commonly used wet 
chemical methods including hydrothermal/solvothermal and sol-gel methods 
will be introduced. 
 
1.4.1 Hydrothermal/Solvothermal Synthesis 
Hydrothermal/solvothermal synthesis is the most widely used methods 
for the preparation of nanostructured semiconductors with different 
morphologies.59 The hydrothermal/solvothermal process can be defined as “a 
chemical reaction in a closed system in the presence of a solvent (aqueous or 
non-aqueous solution, respectively) at a temperature higher than that of the 
boiling point of the solvent”.14, 39, 59 This mild temperature (typically ≤ 220 °C) 
in hydrothermal/solvothermal reactions are critical to the formation of 
metastable phases that cannot be obtained by conventional high-temperature 
methods.60  
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There are several impact factors to influence the morphologies and size 
of the nanomaterials in hydrothermal/solvothermal reaction, such as reaction 
temperature and pressure, amount and concentration of precursor, nature of 
solvents, and the addition of capping agents. Owing to these flexibilities, 
hydrothermal/solvothermal method offers better control of the morphology 
and size of nanoscale materials.60 Moreover, this method could also be 
employed as an alternative to calcinations for promoting crystallization under 
mild temperature.39 
  
1.4.2 Sol-gel method  
Sol-gel is one of the most versatile routes to catalysts, particularly metal 
oxides.60-62 A ‘sol’ is a colloidal suspension which is formed in a liquid by the 
hydrolysis of inorganic or organic metal precursors,60 and a ‘gel’ is a 
dispersion of a liquid throughout a solid matrix. The sol-gel process is the 
hydrolysis of a metal precursors, followed by a cascade of condensation and 
polycondensation reactions.39  
Firstly, the commonly used metal alkoxides precursors undergo partial 
hydrolysis rapidly, resulting in the formation of intermediates 
M(OR)n−z(OH)z that disperse as colloidal sol in different regions of the 
precursor solutions (Equation 1).60 Subsequently, the sol take condensation 
reaction with the starting alkoxide or self to cooperatively yield M−O−M 
linkages, which would further result in the production of small gel particles 
(Equation 2).60 At last, the hydrolysis process completes with all the alkoxy 
groups are replaced by hydroxyl groups (Equation 3).60   
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M(OR)x  +  zH2O ⟶ M(OR)x−z(OH)z + ROHz  (Equation 1) 
M(OR)x−z(OH)z + M(OR)x−z(OH)z ⟶ (OR)x−zM − O −
M(OR)x−z  +  zH2O (Equation 2) 
M(OR)n  +  nH2O ⟶ M(OH)n + ROHn  (Equation 3) 
 
Usually, the gel will undergo aging and annealing to remove the residual 
organic solvents and improve its crystallization. The main advantage of the 
sol-gel method is the possibility to control the kinetics of the proceeding 
chemical reactions by controlling each step of the sol-gel processes.39 By 
these adjusted experiment steps, the structure and composition of the 
materials could be well tailored.  
 
1.5 Objective and scope of this thesis 
In summary, nanostructured semiconductor materials have promising 
applications in heterogeneous photocatalysis due to their intrinsic geometrical 
advantages. The photocatalytic performance of a semiconductor is closely 
related to its structure at nanoscale. Although varied kinds of morphology 
semiconductor nanomaterials can be obtained by different synthesis methods, 
there is still lack of facile methods to develop semiconductor photocatalysts 
with advanced architecture and high photoactivity.  
The aim of this thesis is to develop facial and environment friendly 
methods to synthesize nanostructured semiconductor photocatalysts with 
high efficiency. The results reported in this thesis may provide easily applied 
synthesis methods to prepare 3D, core-shell, and facet-dominant structured 
semiconductor nanomaterials with improved photocatalytic activities.  
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The brief introduction and recent progresses of nanostructured 
semiconductor photocatalysts have been reviewed in this chapter. Chapter 2 
will introduce various experimental techniques used for the characterization 
of the semiconductor nanomaterials, and the evaluation methods for their 
photocatalytic activity. In Chapter 3, 4, and 5, the detailed synthetic methods 
and thorough photoactivity evaluation of various catalysts including 3D 
hierarchical niobic acid microflowers, 1D core-shell CdS@TiO2 nanorods, 
and 1D {100} facet-dominant TiO2 nanobelts will be presented and discussed, 
respectively. At last, a summary of this thesis is presented in Chapter 6.
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Chapter 2 Experiments 
This chapter will briefly present the main characterization techniques and 
photocatalytic activity evaluation setup used in this thesis. 
 
2.1 Characterization Techniques 
The as-synthesized nanomaterials were characterized by various 
characterization techniques as described below.  
 
2.1.1 Scanning Electron Microscope (SEM) 
The SEM is widely used to determine the characteristic 3D appearance 
and surface structure of nanomaterials. SEM images are obtained by scanning 
the sample with a focused beam of electrons. The electrons interact with 
atoms in the sample, producing various signals that contain information about 
the sample's surface topography and composition.63 In this study, the SEM 
images were used to explore the homogeneity and morphology of the samples. 
The SEM images were obtained on a JEOL 6701F Field Emission Scanning 
Electron Microscope (FESEM) using 5 kV electron beam. CdS@TiO2 
samples were sputtered with a thin platinum layer before loaded to the 
chamber. 
 
2.1.2 Transmission Electron Microscope (TEM) 
The TEM is used to further determine the morphology of 
nanomaterials.  TEM images are formed from the interaction of the electrons 
transmitted through the thin specimen. The high resolution TEM (HRTEM) 
images could provide the information of crystal structures and sample 
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orientations. In addition, when electrons transmit through the sample, some 
of these electrons are scattered to particular angles to form a series of spots 
on the screen, which named selected area electron diffraction (SAED) pattern. 
These spots corresponding to satisfied diffraction conditions of the sample's 
crystal structures. SAED can then be performed on these selected regions to 
characterize the crystallographic phase of the sample.  
For TEM sample preparation, nanomaterials were dispersed in ethanol or 
propanol and then the suspension was dropped onto a carbon-coated copper 
grid. All the prepared grids were dried in vacuum before analysis. The TEM 
analysis is performed on JEOL 2010 and 3010 operating at an acceleration 
voltage of 200 kV and 300 kV, respectively.  
 
2.1.3 Energy Dispersive X-ray Spectroscopy (EDX) 
EDX is an analytical technique used to measure the elemental 
composition of a specimen. The incident beam excite an electron in an inner 
shell of the atom in the specimen, and eject it from the shell while creating an 
electron hole where the electron was.64 Then an electron from an outer, 
higher-energy shell could fill the hole and release energy in the form of an X-
ray.64 According to the measurement of the number and energy of the X-rays 
emitted from the atoms, the elemental composition of the specimen could be 
determined.64 In this thesis, the EDX pattern was obtained from the EDX 
attached in the FESEM and TEM instruments.  
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2.1.4 X-ray Diffraction (XRD) 
XRD is widely used to reveal the crystallographic structure and chemical 
composition of materials. XRD pattern is formed by measuring the angles and 
intensities of the diffracted X-ray beams from the crystal samples. Through 
comparing the XRD pattern with the Joint Committee on Powder Diffraction 
Standards (JCPDS) cards, the crystallographic structure of the sample can be 
identified. In our experiments, powder samples are randomly oriented 
crystallites, and the X-ray beam could reflect all possible interatomic planes. 
The XRD patterns were recorded on a Rigaku D/MAX 2500 diffractometer 
with Cu radiation (Cu Kα = 0.15406 nm). A typical setup is as follows: 2θ 
range from 10~90° with a step size of 0.02° and a dwell time of 0.3 s/step.  
 
2.1.5 Surface Area and Porosity Measurement 
The specific surface area of a solid sample is usually determined by the 
physical adsorption of an inert gas on its surface, and calculated by Brunauer-
Emmett-Teller (BET) theory which is based on multilayered gas molecule 
adsorption. The pore size distributions is estimated by Barrett-Joiner-Halenda 
(BJH) method which relates the amount of adsorbate removed from the pores 
of the material to the pore size by modified Kelvin equation. In our 
experiments, the samples were degassed at 150 °C for 3 h to remove any 
adsorbed contaminants before measurements. The nitrogen adsorption-
desorption isotherms were obtained at 77 K on an automated gas sorption 
analyzer (Quantachrome autosob iQ2 and NOVA 2200e). The surface area and 
pore size distribution were calculated by the BET and BJH methods, 
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respectively. The total pore volume was estimated from the adsorbed amount 
at a relative pressure of P/P0 = 0.99. 
 
2.1.6 Raman Spectroscopy 
Raman spectroscopy can be used for material identification by providing 
the information about molecular vibrational, rotational, and other low-
frequency modes. In this thesis, a small amount of samples were placed on a 
glass slide and pressed into a thin film. The Raman spectroscopy was carried 
out by a Thermo Scientific DXR Raman microscope system and Renishaw 
Invia system with laser excitation wavelength of 532 nm and 514.5 nm, 
respectively.  
 
2.1.7 Fourier Transform Infrared (FT-IR) Spectroscopy 
IR spectroscopy is used to identify the chemical composition of samples 
by measuring their absorption or transmission under IR radiation. The mid-
infrared spectrum, approximately 4000-400 cm-1 could be used to study the 
fundamental vibrations and associated rotational-vibrational structure. In this 
thesis, the FT-IR measurement was carried out on a Bruker ALPHA FTIR 
spectrometer at a resolution of 4 cm-1. For FT-IR sample preparation, about 
10 mg of the nanomaterials were grind with a quantity of purified potassium 
bromide finely. Then this powder mixture was pressed in a mechanical press 




2.1.8 UV-vis Diffuse Reflectance Spectroscopy (DRS) 
UV-vis DRS is used to determine the band gap of semiconductor 
photocatalyst powders based on their diffuse reflection of light in the UV and 
visible region. The band gap (Eg) can be calculated from the Tauc relation:  
(𝛼ℎ𝑣)1/𝑛 ∝ (ℎ𝑣 − 𝐸𝑔) 
Where α is absorption coefficient, hν is absorption energy, and Eg is the band 
gap energy. The values of n are 1/2 and 2 for direct and indirect allowed 
electron transition, respectively. Direct transitions requires only that photons 
excite electrons, while indirect transition also requires concerted vibrations 
and energy from the crystal lattice (phonons). 
The absorption coefficient (α) is related to the diffuse reflection of the 








Where S represents scattering coefficient, which is assumed as a constant due 
to its weak dependence on energy.  
In this work, the UV-vis DRS were taken using a Shimadzu UV-2600 
UV-visible spectrometer with barium sulfate as the reference. The band gap 
is calculated as the intercept of the Tauc plot, which is obtained by plotting 
(αhν)1/n against hν.  
 
2.1.9 Photoluminescence Spectroscopy (PL)  
PL spectroscopy can be used as a probe of recombination process of 
charge carriers after the photoexcitation of semiconductors. In this thesis, a 
small amount of samples were placed on a glass slide and pressed into a thin 
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film. The PL spectra were recorded on a Renishaw inVia spectrophotometer 
under a He-Cd excitation wavelength at 325 nm.  
 
2.2 Photocatalytic Activity Evaluations 
The photocatalytic activities of samples were evaluated by 
photodegradation of dye or phenol aqueous solutions. The general 
experimental setup and analytical methods are introduced in the following 
subchapters.   
 
2.2.1 Rhodamine B (RhB), Methylene Blue (MB), and Phenol  
Organic dyes are the most commonly used probe molecules to study the 
photoactivity of semiconductor materials due to the following reasons. (1) 
The organic dyes represent significant pollutants owing to their widespread 
use in textile and other industries. (2) The dye pollutants could cause serious 
health and environmental, since there is a significant portion (10~15%) is 
discharged in the waste water annually.7 Additionally, the dye molecules are 
difficult to be decomposed by conventional biological methods because of 
their complex aromatic structure.12 (3) It is convenient to monitor the 
degradation process of dyes via simple UV-Vis absorption spectroscopy.7 
Thus, in this thesis, rhodamine B (RhB), methylene blue (MB), and phenol 
molecules are used as the probe to evaluate the photoactivity of as-prepared 
nanomaterials. Their structures are shown in Figure 2-1.  
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2.2.2 General Experimental Setup   
In photocatalytic experiment, certain amount of the photocatalyst sample 
was suspended in substrate solution. Prior to irradiation, the suspension was 
magnetically stirred for enough time in dark to reach adsorption/desorption 
equilibrium. The generally experimental setup of photocatalytic organic 
degradation is shown in Figure 2-2. The suspension was irradiated under UV 
or visible light. During the irradiation, a small amount of suspension was 
sampled for the analysis of residual concentration of substrate.  
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Figure 2-2. Schematic illustration of the experimental setup of photocatalytic 
organic degradation.  
 
 
2.2.3 UV-vis Molecular Absorption Spectroscopy  
The concentration of RhB and MB solution was determined by a UV-
visible spectrophotometer (Shimadzu UV-2600) basing on Beer-Lambert 
Law: 
A = log10 (
𝐼0
𝐼
) = 𝜀𝑙𝑐 
Where A is the measured absorbance, I0 is the intensity of incident light, I is 
the intensity of transmitted light, ε is molar extinction coefficient (L mol-1  
cm-1), l is the path length through the sample (cm), and c is the concentration 
of the analyte (mol/L). Since ε is a molecular constant and l is also a constant 
for a certain cuvette, the absorbance (A) has a liner relationship with the 
concentration of the analyte (c).  
Before measurement, the photocatalyst powder was removed by Agilent 
Nylon syringe filter. The degradation efficiency was calculated using the 
following equation:  
DE = 100 % × (C0 − C)/C0 
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Where C0 is the original concentration of RhB or MB after adsorption 
equilibrium and before irradiation, and C is its concentration at a certain time.  
 
2.2.4 High Performance Liquid Chromatography (HPLC)  
The concentration of phenol was analyzed by a HPLC (Angilent 1200) 
installed with a Dikma C18 column. Before measurement, the 
photocatalyst powder was removed by Agilent Nylon syringe filter. The 
mobile phase was acetonitrile/water with a volume ratio of 3/7. And the 
detection wavelength was set to 270 nm.  
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Chapter 3 Surfactant-free Synthesis of Hierarchical 
Niobic Acid Microflowers Assembled from Ultrathin 
Nanosheets with Efficient Photoactivities  
 
3.1 Introduction 
As discussed in Chapter 1, 3D hierarchical nano/microstructures 
assembled with low dimensional nanoscale building blocks have attracted 
increasing interests due to their combinations of the advantages of primary 
building blocks and the secondary unique 3D architectures.47-49 In general, 
the fabrication of morphology-controlled nanostructures is carried out by 
using surfactants as structure-directing agents. However, these additives are 
often costly and the induced impurities can decrease the activity of as-
prepared materials.57 Thus, it remains challenging but desirable to synthesize 
3D hierarchical architectures by a facial organic-free route.  
Niobium oxides, mainly including niobic acid (hydrated niobium oxide, 
Nb2O5·nH2O) and niobium pentoxide (Nb2O5), have been attracted a lot of 
attentions due to their promising applications in various fields such as 
photocatalysts,66, 67 gas sensors,68, 69 photodetectors,67, 70 electron field 
emitters,71 lithium-ion batteries,72-75 dye-sensitized solar cells,76, 77 and solid 
acid catalysts.78, 79 Since the performances of nanomaterials deeply depend on 
their crystal-structures and apparent-morphologies, a great deal of efforts has 
been devoted to the dimension design and structure control.80-82 To date, 
various niobium oxides nanostructures include nanowires,71, 83, 84 nanobelts,70, 
85 nanorods,86-88 nanotubes,89-91 nanofibers,92 nanoplates,67 and nanosheets,75, 
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78 have been obtained during the past few years. Furthermore, these low 
dimensional nanostructures could be self-assembled into 3D hierarchical 
architectures to gain extra physiochemical properties. For example, Zhang 
and co-workers fabricated 3D Nb3O7(OH) and Nb2O5 superstructures 
assembled with 1D nanowire arrays by a hydrothermal process.93 Guo and 
co-workers synthesized 3D hierarchical flower-like Nb2O5 microspheres 
composed of 2D nanosheets via a hydrothermal approach with 
hexamethylenetetramine.94 However, it is still desirable to fabricate 3D 
hierarchical niobium oxides structures by a cheaper and greener route.  
In this chapter, we report the synthesis of 3D Nb2O5·nH2O microflowers 
assembled from ultrathin nanosheets by an organic-free method. The 
photocatalytic activity of as-prepared sample was evaluated by the 
photodegradation of RhB solution. The as-prepared microflowers exhibited 
higher RhB removal rate compared with commercial P25 TiO2. Additionally, 
the crystal phase of this microflower can be easily transformed from 




The materials used in this work consist of niobium pentachloride 
(NbCl5), 25 wt% ammonium hydroxide solution, hydrochloric acid (37%, 
HCl) solution, absolute ethanol, and ethanol. All chemical reagents were 
purchased from commercial sources and were used as received without 
further purification.  
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3.2.2 Synthesis of Niobium Oxide Nanostructures 
Nb2O5·nH2O microflowers were synthesized through a modified 
hydrothermal method.78 In a typical synthesis, 200 mg (0.74 mmol) NbCl5 
was dissolved in 2 mL absolute ethanol. Under vigorous stirring, 8.5 mL 
deionized (DI) water and 1.5 mL ammonium hydroxide solution were added 
into the NbCl5 ethanol solution, respectively. After being stirred for 2 h at 
room temperature, the white precipitate was separated by centrifugation and 
ultrasonically dispersed in 28 mL DI water. The suspension was sealed into a 
Teflon-lined stainless-steel autoclave (50 mL capacity) at 200 °C for 24 h. 
After the autoclave was cooled to room temperature naturally, the products 
were washed by DI water and dried in vacuum at 60 °C overnight.  
The as-prepared microflowers are denoted as MF. The MF samples were 
annealed for 2 h in air at 400 °C to remove adsorbed residuals, and 600 °C to 
convert to Nb2O5 phase; they are denoted as MF400 and MF600, respectively. 
The products synthesized under the same procedure but with different 
hydrothermal reaction time are denoted as NbO-x, where x stands for the 
hydrothermal reaction time. 
Nb2O5 nanoneedles were synthesized via a same process except for 
tuning the pH value of the suspension to 6 via dropwise addition of HCl 
solution before hydrothermal reaction. The nanoneedles are denoted as NN. 
 
3.2.3 Photocatalytic Activity Evaluation 
The photocatalytic activities of the samples were investigated by 
photodegradation of RhB in aqueous solution. 10 mg photocatalysts were 
suspended in 40 mL RhB (10 mg/L) solution. Prior to irradiation, the 
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suspension was kept in dark for 40 min to get adsorption/desorption 
equilibrium. The solution was then irradiated by a 50 W low pressure mercury 
lamp with UV irradiation wavelength of 254 nm and intensity of ~4.7 
mW/cm2. During the irradiation, 2 mL suspension was sampled for the 
analysis of residual concentration of RhB, which was determined by a UV-
visible spectrophotometer (Shimadzu UV-2600).   
 
3.3 Results and Discussion 
3.3.1 Morphology and Structure Characterization  
The morphology of as-obtained MF400 sample was first investigated by 
FESEM images, as shown in Figure 3-1. It is clearly observed that the product 
consists of relatively uniform flower-like microstructure with an average 
diameter of ~3.5 μm (Figure 3-1(a)). The high-magnification micrograph of 
a single MF400 (Figure 3-1(b)) reveals that the 3D hierarchical structure is 
assembled by many 2D interleaving nanosheets. Most of the nanosheets are 
slightly curved and pointing out from the center. The crystallographic 
structure of MF400 was characterized by XRD as presented in Figure 3-1(c). 
The main diffraction peaks of MF400 located at 2θ of 18.5º, 25.0º, and 31.8º 
could be assigned to the (140), (240), and (080) crystal planes of 
orthorhombic niobic acid (JCPDS card no. 44-0672, pattern shown as vertical 
lines in Figure 3-1(c), a = 9.183, b = 22.47, and c = 3.775 Å), respectively. 
This result is also consistent with previous report.78 The broadening of the 
peaks may indicate the nanocrystalline nature of MF400.48, 54 The phase 
purity and chemical composition of the product were examined by EDX 
analysis (Figure 3-1(d)), which suggests that the MF400 are elementally 
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Figure 3-1. (a, b) FESEM images, (c) XRD pattern, and (d) EDX 
spectroscopic analysis of the as-annealed MF400 sample at 400 ºC for 2 h in 
air. The Si signal arises from the used substrate. 
 
More information about the morphology of MF400 sample was 
characterized by TEM images. The TEM image (Figure 3-2(a)) of an 
individual MF400 shows the gradual contrast from the edge to the center of 
the sphere, which confirms that the 3D hierarchical structure is indeed 
composed of self-organized nanosheets. The enlarged TEM image (Figure 3-
2(b)) of the edge of MF400 further indicates that the component nanosheets 
are ultrathin with an average thickness of ~5 nm, as indicated by the arrows. 
The high anisotropy of ultrathin nanosheets may provide unique 
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physicochemical properties. Figure 3-2(c) shows the HRTEM on the thin 
edges of a single nanosheet. The measured crystalline lattice distances of 0.35 
nm and 0.48 nm correspond to the (240) and (140) crystallographic planes of 
orthorhombic niobic acid. Furthermore, according to the SAED patterns 
(Figure 3-2(d)), the diffraction spots also could be attributed to the (240), 
(140), and (080) crystallographic planes of orthorhombic niobic acid. These 
results are in accord with the aforementioned XRD characterization. The 
SAED patterns also suggest that the nanosheets in the hierarchical structures 




Figure 3-2. (a, b) TEM images, (c) HRTEM image, and (d) SAED pattern of 
MF400 sample.  
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The nitrogen adsorption-desorption isotherms of the MF400 sample were 
measured to gain the information about the specific surface area and the pore 
size distribution as displayed in Figure 3-3. The pattern is identified as type 
IV isotherm with a type H3 hysteresis loop in the relative pressure of 0.6~1.0 
P/P0, indicating the presence of slit-like pores formed by the stacking of sheet-
like building blocks.48, 54 From the pore-size distribution curve by BJH 
analysis (inset in Figure 3-3), the MF400 has a narrow pore size distribution 
around 4 nm. The BET surface area and corresponding pore volume of 
MF400 were calculated to be 56.7 m2/g and 0.107 cm3/g, respectively. The 
mesoporous structure and relatively high BET specific surface area could be 
beneficial for efficient transport of charge carriers and ions, leading to high 
photoactivity. 
 
Figure 3-3. Nitrogen adsorption-desorption isotherms and pore diameter 









Figure 3-4. SEM images of niobic acid samples synthesized at 200 ºC with 
different hydrothermal reaction time: (a) 0, (b) 2, (c) 6, and (d) 14 h. 
 
To study the 3D structural formation, several samples were synthesized 
under the same experimental conditions but with different hydrothermal 
reaction time. The morphology evolution of these samples were shown in 
Figure 3-4 by their corresponding FESEM images. As displayed in Figure 3-
4(a), the NbO-0h sample without hydrothermal treatment is composed of 
largely aggregated particles. After 2 h hydrothermal reaction, a few 
nanosheets could be observed in the NbO-2h sample (Figure 3-4(b)). When 
the hydrothermal time increased to 6 h, the NbO-6h sample presents small 
microflower structure but with a few particles remain (Figure 3-4(c)). Then 
as the reaction reaches 14 h, the microflower structure grows larger and the 
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small particles totally disappear (Figure 3-4(d)). According to these 
observations, it can be clarified that the niobic acid samples transformed from 




Figure 3-5. XRD patterns of niobic acid samples synthesized at 200 ºC with 
different hydrothermal reaction time.  
 
The crystallographic structure of these time-dependent synthesized 
samples were further investigated by XRD as shown in Figure 3-5. With a 
shorter hydrothermal time (0~2 h), only a very broad diffraction peak around 
2θ of ∼28° was observed for the NbO-0h and NbO-2h samples, indicating 
their amorphous feature. When the reaction time increased to 6 h, four sharp 
diffraction peaks appear at 2θ of ∼19°, ∼25°, ~32°, and ∼52°. It should be 
noted that the appearance of these sharp peaks represents the formation of 
certain facets, which is also consistent with the aforementioned formation of 
microflower structure in FESEM images.  
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3.3.3 Photocatalytic Activity Evaluation  
The optical properties of the MF400 sample was investigated by UV-Vis 
DRS as presented in Figure 3-6. A strong absorption in ultraviolet regions can 
be observed in the ultraviolet region for the as-prepared MF400. The band 
gap energy is obtained from the plot of the transformed Kubelka–Munk 




Where α is absorption coefficient, hν is the absorption energy, n is 1/2 for 
direct transition, and Eg is the band gap energy.
67, 94-96 The plot of (αhν)2 
against hν of MF400 is presented as inset. The band gap energy of MF400 is 
estimated to be 3.52 eV.  
 
 
Figure 3-6. UV-visible diffuse reflectance spectra and Tauc plot (inset) of the 




Figure 3-7. (a) Photocatalytic degradation, (b) relationship between ln (C0/C) 
and irradiation time, and (c) UV-visible spectroscopic changes of the RhB 
solution over the MF400 sample under UV light irradiation (λ = 254 nm). C0 
and C are original and temporal concentration of RhB solution, respectively. 
 
The photodegradation of RhB under UV light irradiation (λ = 254 nm) 
was carried out to evaluate the photocatalytic activity of the MF400 sample, 
where Degussa P25 TiO2 was employed as a reference photocatalyst. Figure 
3-7(a) shows the time-profile of the concentration decrease of RhB in 
adsorption and photocatalytic degradation processed over MF400 and 
Degussa P25 TiO2. In the blank experiment, the RhB degradation by 
photolysis process is negligible (results not shown).The RhB molecules were 
almost completely degraded after 12.5 min of UV light irradiation over 
MF400, whereas it took more than 15 min by P25 TiO2. Figure 3-7(b) displays 
the relationship between ln (C0/C) and irradiation time of the RhB 
degradation over MF400. The linear relationship suggests that the 
photocatalytic degradation of RhB follows pseudo-first-order kinetics model 
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of the Langmuir-Hinshelwood model in our experimental condition. Figure 
3-7(c) shows the temporal UV-visible spectra of the RhB solution over 
MF400. The maximum absorption peak of RhB at 554 nm gradually weakens 
and moves to lower wavelength of 530 nm with the increase in irradiation 
time. This result indicates that both the dye chromophores and the aromatic 
rings of RhB had been destroyed over the MF400 sample under UV light 
illumination.97 The k constants of MF400 and P25 TiO2 were calculated to be 
0.238 and 0.204 min-1, respectively. They are summarized with corresponding 
adsorption percentage in Figure 3-7(d). MF400 exhibits both higher 
photoactivity and adsorption ability than P25 TiO2, which may be 
resulted from its specific 3D structures with relatively high surface area 
and mesoporous structure. 
 
 
Figure 3-8. (a) Photocatalytic degradation, and (b) rate constants and 
adsorption percentages in dark over the MF400-destroy sample under UV 
light irradiation (λ = 254 nm). C0 and C are original and temporal 
concentration of RhB solution, respectively.  
 
To confirm the 3D structural superior of MF400 sample, a comparative 
RhB photodegradation test was carried out under the same experimental 
conditions. The reference photocatalyst was structure-destroyed MF400 
(denoted as MF400-destroy), which was obtained by grinding MF400 
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sample several minutes. As shown in Figure 3-8(a), MF400-destroy 
sample exhibits both weaker photoactivity and adsorption ability than 
original MF400. Its rate constant was calculated to be 0.101 min-1, which 
is much lower than that of pristine MF400 (Figure 3-8(b)). Thus, the 3D 
structural features of MF400 could play an important role in its higher 
photoactivity and adsorption ability. Firstly, the specific 3D hierarchical 
structure would effectively prevents overlap between thin nanosheets and 
thus maintains a large active surface area to harvest more UV light.94 The 
mesoporous structure leads to both a greater number of active surface 
adsorption sites for the dye molecules and the deep penetration of light waves 
inside the photocatalyst.94 The large surface area and capacious interspace in 
the flower-like microstructure could offer more opportunities for the diffusion 
and mass transportation of dye molecules and active radicals in the 
photodegradation procedure.49 Secondly, the composed nanosheets could 
improve the efficiency of the separation between photo-generated electron 
and hole charge carriers.49 Its ultrathin thickness is beneficial for the transfer 
of the charge carriers from the inside to the surface of the crystal where they 












Figure 3-9. (a, b) FESEM images, (c) XRD pattern, and (d) Raman spectra 
of the MF600 sample that annealed at 600 ºC for 2h in air.  
 
After being annealed at 600 °C for 2 h in air, the phase of MF could 
change form Nb2O5·nH2O to Nb2O5 without significant morphology destroy 
as shown in Figure 3-9. The FESEM images of MF600 in Figure 3-9(a-b) 
demonstrate that the microstructure can be well preserved without collapse or 
aggradation. The phase conversion was indicated by XRD and Raman spectra 
as displayed in Figure 3-9(c) and 3-9(d). From the XRD patterns of MF600, 
it can be observed that the main phase was orthorhombic Nb2O5 (JCPDS card 
no. 30-0873, pattern shown as vertical lines in Figure 3-9(c), a = 6.175, b = 
29.175, and c = 3.93 Å), and the diffraction peaks of Nb2O5·nH2O almost 
disappear. The Raman spectra of MF600 was shown in Figure 3-9(d). The 
weak Raman bands between around 200~300 cm-1 are characteristic of the 
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bending modes of Nb–O–Nb linkages.93, 98 The board Raman bands between 
500~800 cm-1 could be assigned to the stretching modes of slightly disordered 
NbO6 structures.
93, 98 The Raman band centered at 880 cm-1 is attributed to 
the symmetric stretching mode of surface Nb=O bond for Nb2O5·nH2O.
98 For 
MF600 sample, the strong peaks appear at 617, 696, and 760 cm-1, which is 
quite different from their positions of MF400 at 580 and 637 cm-1. This result 




Figure 3-10. (a, b) FESEM images, (c) TEM, (d) HRTEM images, and (e) 
XRD pattern of the NN sample.  
 
In addition, Nb2O5 NN could also be obtained when the pH value of 
reaction was adjusted to 6 during synthesis. The morphology of NN was 
shown in Figure 3-10 by FESEM and TEM images. From the FESEM images 
in Figure 3-10(a-b), uniform needle-like nanostructure was observed with an 
average length of 1.8 μm and bottom width of 200 nm. The TEM image 
(Figure 3-10(c)) of a single NN further confirms its nanostructure. According 
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to the HRTEM image of NN (Figure 3-10(d)), the fringe spacing of 0.40 nm 
corresponds to the (001) crystallographic plane of orthorhombic Nb2O5, 
which is consistent with its following XRD characterization. This may also 
indicate that the growth direction of NN is along [001] axis. The 
crystallographic structure of NN was determined by XRD as shown in Figure 
3-10(e). All of the identified peaks of NN can be indexed to the orthorhombic 
Nb2O5 (JCPDS card no. 30-0873, black pattern shown as vertical lines in 
Figure 3-10(e)). The sharp peaks suggest the high crystallinity of the NN 
sample. To understand the growth mechanism of morphology control between 
MF and NN, different experimental conditions were under investigated.   
 
3.4 Conclusion 
In summary, 3D hierarchical Nb2O5·nH2O flower-like microstructures 
were fabricated via a green hydrothermal method without surfactant. The 
building blocks of the microflowers are ultrathin assembled-nanosheets with 
about 5 nm thickness. The Nb2O5·nH2O microflower exhibited both higher 
adsorption ability in dark and photoactivity than commercial P25 TiO2 for 
RhB photodegradation, which could be ascribed to its unique 3D structural 
features. Moreover, this microflower can be converted to Nb2O5 with 
maintained structure by simple annealing in air. Additionally, Nb2O5 





Chapter 4 Facile Synthesis of CdS@TiO2 Core-shell 
Nanorods with Controllable Shell Thickness and 




As discussed in Chapter 1, the formation of type II heterojunction 
composite is one of the most effective strategies to improve the 
photocatalytic activity.100-108 Many kinds of type II semiconductor 
heterojunctions have been reported to enhance photocatalytic efficiencies by 
improving the separation/transportation of the electron–hole pairs. Among 
the numerous heterostructures, CdS/TiO2 system has attracted a lot of 
attention because of their matched band structures and complementary 
optical and photocatalytic properties.27, 109-113 Under visible light 
irradiation, the photoexcited electrons in the conduction band (CB) of 
CdS transfer to the CB of TiO2, whereas the generated holes remain in 
the valence band (VB) of CdS,109 which suppress the recombination of 
electrons and holes.  
Particularly, semiconductor core-shell structure nanocomposites 
have attracted intensive research interest in photocatalysis due to their 
tunable surface properties with enhanced photocatalytic activity.17, 74, 114, 
115 Up to date, CdS@TiO2 core-shell structure has been obtained by 
different methods. For example, Banerjee and co-workers synthesized 
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CdS nanoparticles filled TiO2 nanotubes via a electrodeposition method 
and observed improved photoactivity of the as-prepared 
nanocomposites.116 Liu and co-workers obtained CdS@TiO2 core-shell 
nanowires via a two-step solvothermal method.17 Compared to the bare 
CdS nanowires, CdS@TiO2 nanocomposites exhibited enhanced 
conversion and yield in selective oxidation of alcohols to aldehydes.17 
Chen and co-workers coated an ultrathin-layer TiO2 shell on CdS 
nanospheres by electrostatic assembly, which is highly active for 
selective photoreduction of heavy metal ions.74 However, the synthesis 
of uniform CdS@TiO2 core-shell structure especially with controllable 
thickness of TiO2 layer via a facile method is still a challenge because 
of the great reactivity of titanium precursors. It is well known that the 
titanium alkoxides or titanium chloride precursors often have a very 
rapid hydrolysis rate and even hydrolyze instantly when it is exposed to 
air 74, 117, 118. The subsequent aggregation of TiO2 in aqueous solution 
makes it difficult to coat a thin TiO2 shell on CdS substrates.  
 In this chapter, we synthesized thickness controlled TiO2 shells on 
CdS nanorods via a facile sol-gel process. The TiO2 thickness can be 
conveniently controlled from 3.5 to 40 nm by simply adjusting the 
amount of Ti precursor. The photocatalytic activity of the as-prepared 
CdS@TiO2 core-shell nanorods were evaluated by photodegradation of 
phenol under visible light irradiation. The CdS@TiO2 nanorods showed 
an enhanced photocatalytic activity owing to the efficient electron and 
hole separation at the heterojunction interfaces.  
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4.2 Experiments 
4.2.1 Materials  
The materials used in this chapter consist of cadmium acetate 
dihydrate (Cd(OAc)2·2H2O), ethylenediamine, l-cysteine, titanium (IV) 
n-butoxide (TBOT), 25 wt% ammonium hydroxide solution, ethanol, 
and absolute ethanol. All chemical reagents were purchased from 
commercial sources and were used as received without further purification.  
 
4.2.2 Synthesis of CdS Nanorods 
CdS nanorods were synthesized through a modified method.119 1.6 
mmol Cd(OAc)2·2H2O and 6.4 mmol l-cysteine were added into 8 mL 
DI water. After vigorous stirring at room temperature, 72 mL 
ethylenediamine was added into the mixture and transferred into a 
Teflon-lined stainless-steel autoclave (135 mL capacity). After the 
hydrothermal reaction at 180 °C for 24 h, the resultant products were 
collected and washed with DI water and ethanol for several times, 
followed by drying in an oven at 80 °C overnight.  
 
4.2.3 Synthesis of CdS@TiO2 Nanocomposites 
CdS@TiO2 nanocomposites were synthesized by a modified 
method. 118, 120 40 mg as-prepared CdS nanorods were ultrasonically 
dispersed in 5 mL ethanol to form suspension A. TBOT as Ti precursor 
was dissolved in ethanol with a volume ratio of 1:50 to obtain solution 
B. Under vigorous stirring, various amount of solution B, 200 µL 
ammonium hydroxide solution, and 200 µL DI water were slowly added 
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into suspension A, respectively. After being stirred for 1 h at room 
temperature, the mixture was washed with ethanol several times and 
dried at 80 °C overnight. Finally, the as-prepared samples were calcined 
at 200 °C for 3 h to improve the crystallinity and remove organic 
residues in TiO2. The samples are denoted as CdS@TiO2-X, where X 
stands for the volume (mL) of the used TBOT solution B.  
 
4.2.4 Photocatalytic Activity Evaluation  
The photocatalytic activities of CdS@TiO2 nanocomposites were 
investigated by photodegradation of phenol under visible light irradiation. 10 
mg catalysts were suspended in 20 mL phenol (10 mg/L) aqueous solution. 
Prior to irradiation, the suspension was magnetically stirred in dark for 30 
min to get adsorption/desorption equilibrium. The solution was then 
irradiated by a 500 W Xenon lamp (Zolix LSH-X500) with a 420 nm cutoff 
filter to remove UV light. The temperature during the experiments was 
maintained at 20 °C by cooling water. During the irradiation, 1 mL phenol 
solution was sampled in a constant time for the residual concentration 
analysis. The phenol concentration in solution was analyzed by a high-
performance liquid chromatography (HPLC, Angilent 1200) installed with a 
Dikma C18 column. The mobile phase for HPLC was CH3CN/H2O with a 




4.3 Results and Discussion 




Figure 4-1. XRD patterns of the CdS and CdS@TiO2 nanocomposites. 
 
The crystallographic structure of CdS and CdS@TiO2 nanocomposites 
were characterized by XRD as shown in Figure 4-1. CdS and CdS@TiO2 
nanocomposites exhibit similar diffraction peaks. The diffraction peaks are 
indexed to the hexagonal structure of CdS with lattice constants a = b = 4.132 
Å and c = 6.734 Å (JCPDS No. 65-3414, pattern shown as vertical lines in 
Figure 4-1). The peak of TiO2 is not observed, which could be attributed to 




Figure 4-2. FESEM images of (a) CdS and (b-f) CdS@TiO2 nanorods. 
 
Figure 4-2(a) shows the SEM image of the bare CdS nanorods, 
which possess smooth surfaces and uniform 1D nanostructures with 
diameter of 30~60 nm and length of several micrometers. Figure 4-2(b-
f) displays the morphology of CdS@TiO2 nanorods with increased 
TBOT precursor usage. It is obvious that small granular particles are 
attached on the CdS nanorods surfaces, making the surfaces of nanorods 
much rougher and leading to an increment of average diameter from 
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about 35 to 160 nm. However, it should be noted that CdS@TiO2-1 is 




Figure 4-3. TEM images of (a) CdS and (b-f) CdS@TiO2 nanorods, the 
inset is corresponding HRTEM image of CdS. 
 
 The internal structure characterization and component analysis of 
the samples were carried out by TEM and EDS elemental analysis. 
Figure 4-3(a) shows the TEM image of a single CdS nanorod, exhibiting 
the clean surface and boundary. According to the HRTEM image as 
inset, the fringe spacing of 0.34 nm corresponds to the (002) 
crystallographic planes of hexagonal CdS, which is consistent with the 
results of XRD patterns. Figure 4-3(b-f) present same magnification 
TEM images of CdS@TiO2 nanorods. The core-shell structures of the 
samples are observed, which possess the amorphous TiO2 layer with 




Figure 4-4. (a) STEM image of CdS@TiO2-5 nanocomposites, 
corresponding EDS element mapping of (b) Cd in blue, (c) S in green, 
(e) Ti in red, (f) O in white, and (d) line scan profiles of Cd, S, Ti, O 
across the nanorod displayed in the (a). 
 
To further corroborate the formation of CdS@TiO2 core-shell 
structure, Figure 4-4 shows the EDS elemental analysis of CdS@TiO2-
5 nanorod. The Ti and O elements homogeneously distribute over the 
nanorod (Figure 4-4(b, c, e, and f)), indicating the full and uniform 
coating of TiO2 layer on CdS surface. Moreover, the CdS@TiO2 core-






Figure 4-5. Histogram of the diameter distribution of the CdS and 
CdS@TiO2 nanorods. 
 
 To further analyze the TiO2 shell thickness of the CdS@TiO2 
samples, 120 nanorods were randomly selected in each SEM image for 
the statistical analysis. The statistical diameter distributions of the 
CdS@TiO2 samples are shown in Figure 4-5. According to the average 
diameter deduction, the thickness of TiO2 shell of different CdS@TiO2 
nanorods are calculated to be 1.5, 3.5, 16.5, 21, and 40 nm as 
summarized in Table 4-1. With increased thickness of TiO2, the 
CdS@TiO2 nanorods also exhibit increased specific surface area and 








a BET surface area calculated from the linear part of the BET plot (P/P0 
= 0.05~0.3);  
b The total pore volumes were estimated from the adsorbed amount at a 





Figure 4-6. FTIR spectra of CdS and CdS@TiO2 nanorods.  
 
 Figure 4-6 shows the FTIR spectra of CdS and CdS@TiO2 nanorods. 
The broad adsorption band center at 3443 cm−1 is related to the stretch 

















CdS 0 44 ± 7 0 17.1 0.034 
CdS@TiO2-1 1 47 ± 6 1.5  34.1 0.067 
CdS@TiO2-2 2 51 ± 5 3.5 91.6 0.122 
CdS@TiO2-3 3 77 ± 10 16.5 156.6 0.150 
CdS@TiO2-4 4 86 ± 9 21 169.0 0.133 
CdS@TiO2-5 5 124 ± 14 40 208.5 0.143 
 52 
chemisorbed water.96, 121-123 The peak at around 1631 cm−1 is assigned 
to the deformation vibration for H-O-H bonds of physisorbed water.96, 
121-123 The peak at around 1119 cm−1 can be attributed to the Cd-S 
bond,74, 124 which appears only for the bare CdS and incompletely 
coated CdS@TiO2-1 sample. This peak disappears with the introduction 
of TiO2 shell. The large absorption in the range 500~800 cm
−1 appears 
for completely coated CdS@TiO2-2, -3, and -4 samples, which are 
characteristic of the formation of O-Ti-O lattice.96, 121, 122 It can be seen 
that there is an increase in the intensity of the O-H and O-Ti-O peaks 





Figure 4-7. UV-visible diffuse reflectance spectra and Tauc plot (inset) of the 
CdS and CdS@TiO2 nanorods.  
 
 The optical properties of the CdS and CdS@TiO2 nanorods were 
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investigated by UV-Vis DRS as displayed in Figure 4-7. Compared with 
the CdS nanorods, CdS@TiO2 samples exhibit slightly enhanced light 
absorption in the UV and visible region. As the contents of the TiO2 
shells on the CdS surfaces increase, the band gap of CdS@TiO2 
nanorods undergo slight and ignorable blue shift just below 2.46 eV.  
 
4.3.2 Photocatalytic Activity and Mechanism 
 Photodegradation of phenol under visible light irradiation (λ ≥ 420 nm) 
was carried out to evaluate the photocatalytic activity of the CdS and 
CdS@TiO2 samples. Since there is no visible light absorption in the 
absorbance spectrum of phenol, the self-sensitization effect can be ignored. 
The adsorption experiment in dark (Figure 4-8(a)) shows that phenol is hardly 
absorbed on the surface of CdS@TiO2 nanocomposites, which is consistent 
with previous report.125  
Figure 4-8(b) shows the time-profile of photocatalytic degradation results 
of phenol over CdS and CdS@TiO2 nanorods. All the CdS@TiO2 nanorods 
show enhanced photocatalytic degradation efficiency than bare CdS. The 
photodegradation of phenol follows the pseudo-first order kinetics model in 
our experimental condition as shown by apparent first-order linear transform 
ln (C0/C) = f (t) in Figure 4-8(c). As shown in Figure 4-8(d), the rate constants 
of CdS and the as-prepared samples CdS@TiO2-1, -2, -3, and -4 are 0.0258, 
0.0337, 0.0548, 0.0423, and 0.0303 min-1, respectively. It is found that 
CdS@TiO2-2 with a thin TiO2 shell of 3.5 nm exhibits the highest activity 
among the CdS@TiO2 samples. The result can be attributed to the formation 
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of the effective heterojunction interfaces between CdS core and TiO2 shell to 
facilitate efficient charge carrier separation.126, 127  
 
 
Figure 4-8. (a) Phenol adsorption experiment after CdS and CdS@TiO2 
nanorods were stirred for 30 min in dark. (b) Photodegradation of phenol, (c) 
plots of ln (C0/C) versus irradiation time, and (d) rate constants of CdS and 





Figure 4-9. PL spectra of the bare CdS and CdS@TiO2 nanorods. The 
excitation wavelength was 325 nm He-Cd laser, and all spectra were recorded 
at room temperature. 
 
Figure 4-9 shows the room-temperature photoluminescence (PL) spectra 
of CdS and CdS@TiO2 nanorods under an excitation wavelength of 325 nm. 
There are two emission bands comprising a green emission band at 506 nm 
and a broad infrared band at around 730 nm and longer wavelength. The 
former emission band can be assigned to the near-band-edge emission, 
originating from the recombination of excitons and/or shallowly trapped 
electron–hole pairs.119 The latter one is associated with structural defects, 
arising from the excess of sulfur or core defects on the nanocrystal surfaces.119, 
128 The PL intensity of CdS@TiO2 nanocomposites is much weaker than that 
of the bare CdS. We propose that an effective interfacial charge-transfer 
process occurred at the heterojunction interface primarily involving electron 
transferring from the CB of CdS to that of TiO2.
109 This indicates that the 
separation of photoinduced electron-hole carrier pairs is improved, the 
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lifetime of the carriers is prolonged, and thereby the recombination of 
photogenerated electron and holes are suppressed in the CdS@TiO2 
nanocomposites.17, 74, 129 The separated charge carriers are considered to be 




Figure 4-10. Schematic diagram of proposed reaction pathway for phenol 
photodegradation over the CdS@TiO2 nanorods under visible light irradiation. 
 
 A schematic illustration of the proposed reaction pathway for phenol 
photodegradation over the CdS@TiO2 nanocomposites under visible light 
irradiation is shown in Figure 4-10. When there is a thin TiO2 shell on CdS, 
photoexcited electrons in CB of CdS cores will transfer to the CB of TiO2 
shells under visible light irradiation (Equation 1-2). The electrons could 
reduce surface-absorbed O2 over TiO2 active sites to form superoxide radical 
(•O2
−) (Equation 3) and hydrogen peroxide (H2O2) (Equation 4-5), and these 
new species can interact to yield hydroxyl radical (•OH) (Equation 6-7).125 On 
the other hand, holes remained in CdS could react with surface-absorbed H2O 
to generate more •OH (Equation 8-9) due to the presence of mesopores in 
 57 
CdS@TiO2 nanocomposites. Additionally, part of the holes may pass through 
the thin amorphous TiO2 shell, which is thought to be electronically defective 
to promote the conduction of holes.130 As •OH produced in the solution, 
phenol oxidation initiates as a hydroxylation of the molecule leading to 
hydroquinone and catechol.125, 131 These intermediates are subsequently 
oxidized into maleic acid, which is finally oxidized into CO2 and water.
131 In 
addition, according to previous reports, large amount of OH group present on 
the TiO2 surface could also be one of the reasons for high photocatalytic 
activity.132, 133 However, when the TiO2 shells become much thicker (16.5 to 
40 nm), CdS@TiO2-3, -4, and -5 samples show decreased photocatalytic 
activity which may be ascribed to the large amount of confined holes in the 
VB of CdS leading to the reduced amount of the •OH radical. On the other 
hand, when the TiO2 is not fully coated as a shell on the CdS substrate, as 
CdS@TiO2-1 sample, the heterojunction effect could be less efficient than 








































In summary, CdS@TiO2 core-shell structure nanorods with amorphous 
TiO2 shells were synthesized via a facile method. The thickness of TiO2 layer 
can be conveniently controlled from 3.5 to 40 nm by simply adjusting the 
amount of Ti precursors. Compared with the bare CdS nanorods, the 
CdS@TiO2 nanocomposites showed enhanced photocatalytic performance in 
the photodegradation of phenol under visible light irradiation. The improved 
photoactivity could be ascribed to the efficient separation of photogenerated 
electron and hole charge carriers between CdS cores and TiO2 shells. 
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Chapter 5 Synthesis of {100} Facets Dominant Anatase 




As introduced in Chapter 1, TiO2 has been widely used for photocatalytic 
degradation of environmental pollutants. Among different crystalline phases 
of TiO2, anatase phase has been considered to be the most photocatalytically 
active. In addition to crystal phases, the exposed crystalline facet is also a 
critical factor affecting photocatalytic reactivity.134 Based on the Wulff 
construction and theoretically calculated surface energy ({101} (0.44 J/m2) < 
{100} (0.53 J/m2) < {001} (0.90 J/m2)).135 The structures are shown in Figure 
5-1.136 Usually, the anatase TiO2 are dominated by the thermodynamically 
stable {101} facets (up to 94%) due to the minimization of surface energy 




Figure 5-1. Schematic of atomic structure of (a) {101}, (b) {001}, and (c) 
{010} faces. O atom in red and Ti atom in grey. Adopted from reference 136 
with permission from Royal Society of Chemistry, Copyright 2011. 
 
Since Yang and co-workers fabricated anatase TiO2 with 47% of exposed 
{001} facet, great efforts have been made to achieve the controlled synthesis 
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of anatase TiO2 with exposed high energy {001} and {100} facets.
137 Several 
previous reports have demonstrated the synthesis of tetragonal faceted-
nanorods of anatase TiO2 with dominant {100} facets.
138, 139 However, there 
are still some problems for those reported TiO2 crystals, such as low 
percentage of the exposed {100} facets and small surface area. Thus, the 
development of facile approaches to synthesize anatase TiO2 with high 
percentage of {100} facets and relatively large surface area is highly desirable. 
In this chapter, we report the well-controlled alkaline hydrothermal 
transformation method to synthesize clean {100} facets dominant anatase 
TiO2 nanobelts (NB). The percentage of exposed {100} facets are high to 
74.8%. Using TiO2 nanosheets with 87.3% exposed {001} facets as a 
reference photocatalyst, the TiO2 NB exhibited both higher photoactivity and 
adsorption ability in dark for MB and RhB photodegradation. 
 
5.2 Experiments  
5.2.1 Materials  
The materials used in this chapter consist of commercial anatase TiO2 
nanopowders, sodium hydroxide (NaOH), hydrochloric acid (HCl, 37%), 
titanium (IV) n-butoxide (TBOT), hydrofluoric acid solution (HF, 48%), RhB, 
MB, ethanol, and DI water. All chemical reagents were purchased from 
commercial sources and were used as received without further purification.  
 
5.2.2 Synthesis of TiO2 Nanobelts  
1 g commercial anatase TiO2 nanopowders were dispersed in 50 mL 5 M 
NaOH aqueous solution. After being stirred for 10 min, the suspension was 
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transformed into a Teflon-lined stainless-steel autoclave (135 mL 
capacity). During the hydrothermal process at 200 °C for 24 h, the autoclave 
was rotated up and down by a motor at a speed of 20 rpm to keep the reactants 
uniform. The product was centrifuged and washed with DI water until pH 
value approaches 7. Then the product was immersed in 0.1 M HCl solution 
for 24 h to exchange Na+ ions with H+ ions. Finally, the product was washed 
again with DI water followed by freeze drying and calcination at 725 °C for 
3 h in air.  
 
5.2.3 Synthesis of TiO2 Nanosheets  
TiO2 nanosheets were synthesized through a modified method.
45 10 
mL TBOT and 1.6 mL HF solution were mixed and sealed in a Teflon-lined 
stainless-steel autoclave (50 mL capacity). After the hydrothermal 
reaction at 200 °C for 24 h, the resultant product was collected and washed 
with DI water and ethanol for several times until pH value reaching 7. 
Then the product was immersed in 0.01 M NaOH solution for 24 h to remove 
F- ions and washed again with distilled water. The final product was then dried 
in vacuum at 60 °C overnight.  
 
5.2.4 Photocatalytic Activity Evaluation  
The photocatalytic activities of the samples were investigated by 
photodegradation of MB and RhB in aqueous solution. 10 mg photocatalysts 
were suspended in 30 mL MB and RhB (5 mg/L) solution. Prior to irradiation, 
the suspension was kept in dark for 30 min to get adsorption/desorption 
equilibrium. The solution was then irradiated by a 50 W low pressure mercury 
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lamp with UV irradiation wavelength of 365 nm. During the irradiation, 2 ml 
suspension was sampled for the analysis of residual concentration of MB and 
RhB, which was determined by a UV-visible spectrophotometer (Shimadzu 
UV-2600).   
 
5.3 Results and Discussion  
5.3.1 Structure and Morphology Characterization  
 
 
Figure 5-2. Schematic illustration of the formation of TiO2 NBs.  
  
The TiO2 NB were synthesized as shown in the schematic illustration 
from Figure 5-2. In the first step, Na-titanate NB were synthesized from 
commercial anatase TiO2 nanoparticles (NP) via a hydrothermal method. In 
the second step, Na-titanate were changed to H-titanate by cation ion 
exchange. Then in the last step, the H-titanate transformed to anatase TiO2 by 
high temperature calcinations. The phase transformation could be confirmed 





Figure 5-3. (a) XRD patterns, and (b) Raman spectra of the TiO2 NB with 
increasing annealing temperature.  
 
Figure 5-4(a) shows the XRD pattern of as prepared TiO2 NB, which is 
indexed to PDF 21-1172 (pattern shown as vertical lines). The morphology 
of TiO2 NB is characterized by the SEM image as shown in Figure 5-4(b). 
The length, width, and thickness of the NB are in the range of 2~10 µm, 
40~100 nm, and 20~25 nm, respectively. Figure 5-4(c) and d show the TEM 
and HRTEM images of a single TiO2 NB taken from the top facet. Three sets 
of lattice fringes with spacing of 0.35 nm and 0.48 nm were observed and 
assigned to the anatase TiO2 lattice spacing of (011) and (002) atomic planes, 
respectively. The inset in Figure 5-4(d) is the corresponding SAED pattern, 
which can be indexed to the diffraction spots of the [100] zone for the TiO2 
single crystal, indicating the {100} facet structure on the top surface of the 
NB.140 The angle of the NB terminal was measured to be about 136.6°, which 
is corresponded to the angle between the {011} and {0 1 1} facets.140 
According to the above observation, it can be concluded that the anatase TiO2 
NBs are growing along the [010] direction and dominantly exposed with the 




Figure 5-4. (a) XRD pattern, (b) SEM image, (c) TEM, and (d) HRTEM 
images of a single TiO2 NB (The inset is a corresponding SAED pattern).  
 
In order to study the facet dependent photoactivity of anatase TiO2, the 
{001} facets dominated TiO2 nanosheets (NS) were prepared by adopting a 
reported method.45 Figure 5-5(a) shows the XRD pattern of the as prepared 
TiO2 NS, which is also indexed to PDF 21-1172 (pattern shown as vertical 
lines). The morphology of TiO2 NS is characterized by the SEM and TEM 
images as shown in Figure 5-5(b-d). The NS have a square outline with side 
length of about 70 nm and thickness of about 5 nm. Figure 5-5(e) shows the 
HRTEM images of a single TiO2 NS taken from the top facet. Two sets of 
lattice fringes with spacing of 0.35 nm and 0.24 nm were assigned to the 
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anatase TiO2 lattice spacing of {101} and {004} atomic planes, respectively. 





Figure 5-5. (a) XRD pattern, (b) SEM image, (c-d) TEM, (e) HRTEM images, 
and (f) EDS spectra pattern of TiO2 NS.  
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The physical properties of TiO2 NB and NS are summarized in Table 5-
1. In the case of TiO2 NB and NS, their upper and bottom surfaces are {100} 
and {001} facet, respectively. Thus, the percentage of these dominant facet 
{100} and {001} can be estimated as following:   
 
TiO2 NB{100} = 
5000×60
5000×60+60×20+5000×20
 × 100% = 74.8% 
TiO2 NS{001} = 
80×60
80×60+60×5+80×5
 × 100% = 87.3% 
 




The percentage of {100} and {001} facet in NB and NS were calculated 
to be 74.8% and 87.3%, respectively. The high percentage of the facets are 
also verified by Raman spectra as displayed in Figure 5-6. The three peaks 
appearing at 395, 515, and 638 cm−1 of these TiO2 samples correspond to the 
B1g, A1g, and Eg peaks of anatase TiO2, respectively.
141 The Eg, B1g, and A1g 
peaks are mainly caused by the symmetric stretching vibration, symmetric 








TiO2 NB 5 μm × 60 nm × 20 nm {100}=74.8 33.0 3.19 




Figure 5-6. The Raman spectra of the TiO2 NB, NS and NP.  
 
With NP as a reference anatase TiO2, the NB and NS show different 
intensities of the Raman peaks that the intensity of the Eg peaks obviously 
reduced, while the intensity of the B1g peak and the A1g peak increased 
simultaneously. As been illustrated in Figure 5-1, 100% Ti atoms on the top 
layer of the {100} and {001} surface are unsaturated 5-coordinated. 
Consequently, the higher percentage of exposed {100} and {001} facets, the 
lower number of the symmetric stretching vibration mode of O−Ti−O, further 
resulting in reduced intensity of the Eg peaks in the Raman spectra.
141 In 
contrast, the existed {100} and {001} facets could increase the number of the 
symmetric bending vibration and the antisymmetric bending vibration modes 
of O−Ti−O, and leading to higher intensity of the A1g and B1g peaks in the 
Raman spectra.141 Thus, compared to normal TiO2 NP, both the NB and NS 
show decreased Eg peak and increased B1g and A1g peaks in Raman spectra.   
 
 68 
5.3.2 Photoactivity of TiO2 NB and NS 
Figure 5-7 shows the optical UV-vis absorbance spectra of the TiO2 NB 
and NS samples, which exhibit similar absorption edges in UV region. By the 
indirect band gap calculation, the band gap of NB and NS were estimated to 




Figure 5-7. UV-visible diffuse reflectance spectra and Tauc plot (inset) of the 
TiO2 NB and NS samples.  
 
With clan and similar percentage of dominant facets, the TiO2 NB and 
NS are used to investigate the facet dependent photocatalytic activity. The 
photocatalytic activities are evaluated by the photodegradation of MB and 
RhB under 365 nm UV light irradiation. Figure 5-8(a) shows the time-profile 
of the concentration decrease of MB solution in adsorption and photocatalytic 
degradation processed over TiO2 NB and NS. In the blank experiment, the 
MB degradation by photolysis process is negligible. The MB molecules were 
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almost completely degraded after 38 min of UV light irradiation over TiO2 
NB, whereas the degradation percentage of TiO2 NS was just 43%. Figure 5-
8(b) displays the relationship between ln (C0/C) and irradiation time of the 
MB degradation over TiO2 NB and NS. The linear relationship suggests that 
the photocatalytic degradation of MB follows pseudo-first-order kinetics 
model of the Langmuir-Hinshelwood model in our experimental condition. 
The k constants were calculated to be 0.0672 and 0.0131 min-1 for TiO2 NB 




Figure 5-8. (a) Photocatalytic degradation, (b) relationship between ln (C0/C) 
and irradiation time, (c) UV-visible spectroscopic changes, and (d) k constant 
and adsorption of the MB solution over the TiO2 NB under UV light 
irradiation (λ = 365 nm). C0 and C are original and temporal concentration of 
MB solution, respectively. 
 
Figure 5-8(c) shows the temporal UV-visible spectra of the MB solution 
over TiO2 NB. The maximum absorption peak of MB at 664 nm gradually 
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weakens and moves to lower wavelength of 616 nm with the increase in 
irradiation time. This result indicates that both the dye chromophores and the 
aromatic rings of MB had been destroyed over the TiO2 NB sample under UV 
light illumination. Figure 3-8(d) presents the k constant and adsorption 
percentage of the MB solution over TiO2 NB and NS. TiO2 NB exhibits both 




Figure 5-9. (a) Photocatalytic degradation, (b) relationship between ln (C0/C) 
and irradiation time, (c) UV-visible spectroscopic changes, and (d) k constant 
and adsorption of the RhB solution over the TiO2 NB under UV light 
irradiation (λ = 365 nm). C0 and C are original and temporal concentration of 
RhB solution, respectively. 
 
To confirm the superior advantage of TiO2 NB, photodegradation of RhB 
solution was carried out over the TiO2 NB and NS. Figure 5-9(a) shows the 
time-profile of the concentration decrease of RhB solution in adsorption and 
photocatalytic degradation processed over TiO2 NB and NS. In the blank 
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experiment, the RhB degradation by photolysis process is negligible. The 
RhB molecules were almost completely degraded after 25 min of UV light 
irradiation over TiO2 NB, whereas the degradation percentage of TiO2 NS 
was 85%. Figure 5-9(b) displays the relationship between ln (C0/C) and 
irradiation time of the RhB degradation over TiO2 NB and NS. The linear 
relationship suggests that the photocatalytic degradation of RhB also follows 
pseudo-first-order kinetics model of the Langmuir-Hinshelwood model in our 
experimental condition. The k constants were calculated to be 0.0951 and 
0.0608 min-1 for TiO2 NB and NS, respectively. 
Figure 5-9(c) shows the temporal UV-visible spectra of the RhB solution 
over TiO2 NB. The maximum absorption peak of RhB at 554 nm gradually 
weakens and moves to lower wavelength of 524 nm with the increase in 
irradiation time. This result indicates that both the dye chromophores and the 
aromatic rings of RhB had been destroyed over the TiO2 NB sample under 
UV light illumination.97 Figure 5-9(d) presents the k constant and adsorption 
of the MB solution over TiO2 NB and NS. Similar as MB photodegradation, 
TiO2 NB exhibits higher photocatalysis and adsorption ability than TiO2 NS. 
The photocatalysis and adsorption ability of TiO2 NB and NS was 
summarized in Table 5-2. The TiO2 NB with ∼75% of {100} facet show 5.1 
and 1.6 times higher photocatalytic activity than that of the TiO2 NS with ∼87% 
of {001} facet toward the degradation of MB and RhB, respectively. Herein, 
several factors that may contribute to the higher photoactivity of TiO2 NB are 








Firstly, it is conventionally considered that a facet with a high percentage 
of under-coordinated atoms possesses a superior reactivity.136 In the case of 
anatase TiO2, both the {100} and {001} surfaces are composed of 100% 5-
coordinated Ti atoms (Ti5c) as shown in Figure 5-1. These unsaturated Ti5c 




Figure 5-10. Schematic illustration of the band structures of the TiO2 NB 
and NS. 
 
Secondly, besides the surface atomic structure, the surface electronic 
structure also play a cruel role in photocatalytic reaction.142 Figure 5-10 
shows schematic illustration of the band structures of the TiO2 NB and NS. 
Herein, the TiO2 NB with high percentage of {100} facet exhibits the larger 
band gap than TiO2 NS. Previous reports have shown that the CB minimum 
of {100} facet dominated anatase TiO2 crystal is higher than that of {001} 




k (min−1) Adsorption (%) k ( min−1) Adsorption (%) 
TiO2 NB 0.0672 11.3 0.0951 28.0 
TiO2 NS 0.0131 3.8 0.0608 24.9 
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more strongly reductive, which is beneficial for a higher photocatalytic 
activity.114 Thus, the better photoactivity of TiO2 NB than NS could be 
ascribed to the superior electronic band structure of the {100} facet. 
Thirdly, it is usually believed that a larger surface area can not only offer 
more active reaction sites on the surface but also is beneficial for the reactant 
adsorption.114 However, compared with the TiO2 NB, the TiO2 NS has a much 
higher surface area through lower photoactivity. This may be explained by 
the surface reconstruction of {001} and {100} facets. Due to the large surface 
tensile stress, the {001} and {100} surface of anatase TiO2 would tend to relax 
into (1 × 4) and (1 × n) structures, respectively.143, 144 This reconstruction 
process could change the surface atomic coordination, resulting in the 
deactivation of part of the surface active sites.140 According to the results of 
photocatalytic degradation of MB and RhB, it is suggested that the TiO2 NS 
with {001} facet may have a lower surface active sites density than that of 
TiO2 NB with {100} facet. Thus, the TiO2 NS exhibits more passive than the 
TiO2 NB in photocatalytic reactions.  
On the basis of the above analysis, we can conclude that the higher 
photoactivity of TiO2 NB could be attributed to its superior electronic band 
structure and higher surface active site density.   
 
5.4 Conclusion 
In summary, anatase TiO2 nanobelts with clean 74.8% exposed {100} 
facets were synthesized by the alkaline hydrothermal transformation method. 
The TiO2 nanobelts exhibited both higher photoactivity and adsorption ability 
in dark than that of TiO2 nanosheets with 87.3% exposed {001} facets both 
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for MB and RhB photodegradation. This result could be ascribed to the 
superior electronic band structure and higher surface active site density of 




Chapter 6 Conclusion and Outlook 
6.1 Conclusion 
Under this thesis, we have developed several facile and environmentally-
friendly methods to synthesize nanostructured semiconductor-based 
photocatalysts with advanced architectures. Thorough physical 
characterizations have been carried out to study the structure, morphology 
and composition of the nanostructured semiconductor photocatalysts. 
Detailed photoactivity evaluations have demonstrated that these 
semiconductor nanomaterials are promising photocatalysts for the 
degradation of organic pollutants in water.  
In Chapter 3, 3D hierarchical Nb2O5·nH2O flower-like microstructures 
were fabricated via a green hydrothermal method without surfactant. The 
building blocks of the microflowers are ultrathin assembled-nanosheets with 
about 5 nm thickness. The Nb2O5·nH2O microflower exhibited both higher 
adsorption ability in dark and photoactivity than commercial P25 TiO2 for 
RhB photodegradation, which could be ascribed to its unique structural 
features and protonic acidity. Moreover, this microflower can be converted to 
Nb2O5 with maintained structure by simple annealing in air. Additionally, 
Nb2O5 nanoneedles can also be obtained by adjusting the pH value during 
synthesis.  
In Chapter 4, CdS@TiO2 core-shell structure nanorods with amorphous 
TiO2 shells were fabricated via a sol-gel route. The thickness of TiO2 layer 
was conveniently controlled from 3.5 to 40 nm by simply adjusting the usage 
of Ti precursors. Compared with the bare CdS nanorods, the CdS@TiO2 
nanocomposites showed enhanced photocatalytic performance in the 
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photodegradation of phenol under visible light irradiation. The improved 
photoactivity can be ascribed to the efficient separation of photogenerated 
electron and hole charge carriers between CdS cores and TiO2 shells.  
In Chapter 5, anatase TiO2 nanobelts with 75% exposed {100} facets 
were synthesized by the alkaline hydrothermal transformation method. Under 
such condition, the exposed facets are free from surfactants, ensuring the true 
surface activity. The TiO2 nanobelts exhibited both higher photoactivity and 
adsorption ability in dark than that of TiO2 nanosheets with 87% exposed 
{001} facets both for MB and RhB photodegradation. This result could be 
ascribed to the superior electronic band structure and higher surface active 
site density of {100} facets than {001} facets in anatase TiO2 crystals.
In summary, this study has provided facile synthetic methods for the 
design of semiconductor-based heterogeneous nanoarchitectures with high 
photocatalytic activities. These synthetic methods can be used for achieving 
similar nanostructures composed of other semiconductor materials. Moreover, 
based on the promising photoactivity shown by the as-prepared 
photocatalysts, their potential application can be extended to waste water 
treatment and air pollutant removal.  
 
6.2 Outlook 
The investigation of nanostructured semiconductor materials are 
continuously exciting and desirable, however, their applications are still in an 
early stage of technical development. Significant challenges still exist to 
develop a simple, efficient and cheap technology to synthesize nanostructures 
at a high quality and in large quantities. Additionally, the toxicity and 
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instability of several semiconductors remain the main concerns at moment. 
Therefore, great efforts are need in the future to be devoted to the 
development of cost effective and environment friendly nanomaterials with 
high photoactivity.  
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